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SUMMARY 



A general investigation of cooling ducts located at 
various positions on a modal of a typical pursuit air- 
plane has "been conducted in the NACA full-scale tunnel. 
Results are given in the present report for a duct located 
on the bottom of the fuselage with its inlet behind the 
leading edge of the wing. This installation is designated 
a rear underslung fuselage duct. 

Because of the thick boundary layers that existed at 
the inlets of rear underslung fuselage ducts, serious 
losses in total pressure occurred ahead of the heat ex- 
changer. In order to eliminate these losses, tests were 
xaade with special vane installations designed to avoid 
boundary- layer separation and with ducts to bypass the 
boundary layer away from the main cooling duct. 

Good pressure recoveries were obtained in the ducts 
with the use of either the inlet guide-vane installation 
or the boundary-layer bypass duct. 3est efficiencies 
were measured, however, with installations that had vanes 
in the difiuser and in the duct outlet. The ratio of 
duct inlet velocity to the stream velocity was shown to 
be tho nost important parameter affecting the duct per- 
formance; a value of this parameter of about 0.6 was 
shown to be a good design value for the duct with or with- 
out vanes and 0.35 was a good value for the installation 
with the boundary-layer bypass. At values somewhat below 
0.6 and 0.35, separation occurred ahead of the duct and, 
at higher values, there was some tendency for the duct 
losses to increase. 
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I1TTHCDUCTI0N 



An investigation h*s "been conducted in the FACA 
full-scale tunnel of engine—char ge— air and cooling-air 
ducts located at several positions on the fuselage and 
in the wing of a model of a pursuit airplane. The re- 
sults of the investigation relating to carburetor—air 
ducts on the top of the fuselage and to cooling-air ducts 
in the wing have "been reported in references 1 and 2. 
In the present report, results are given for tests of a 
cooling duct installed on the "bottom of the fuselage 
with the inlet "behind the leading edge of the wing* This 
installation is designated a rear under fil&ttg fuselage 
duct # 

The tests were directed toward the dev el opmont of a 
duct hairing the following desirable characteristics: 

(l) Maximum conversion cf the total pressure ahead 
of the duct to total pressure ahead of the heat exchanger 

( 2 ) Satisfactory regulation of air—flow quantity- 
over the range of airplane flight conditions 

(o) Low duct drag, particularly in the high— spoed 
flight condition 

(4) High critical speed 

A single "basic duct configuration was tested with several 
modified inlets and cutlets. In order to investigate 
methods of preventing "boundary— lay er separation, vanes w 
were added in the diffuser and outlet sections cf the 
duct and a "boundary— lay er "bypass duct was installed. The 
resistance of an orifice plate simulating a heat exchang- 
er v/as varied over a wide range of values to represent 
different types of cooler. 

An investigation v/as made of the effects of inlet- 
velocity ratio and airplane angle of attack on the duct 
characteristics. In order to investigate the effects of 
propeller slipstream on the flow into the duct, tests 
were made with the propeller removed and with the pro- 
peller operating at thrust coefficients simulating high- 
speed and climbing flight. Critical speeds for the 
various duct installations were estimated for different 
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rates of air flow through the duct inlet "by means of 
pressure—distribution measurements along the duct inlet 
lips and the duct— f us el age fillet. 



SYMBOLS 

C L lift coefficient 

ACt) increment of drag coefficient due tc duct 

ACt).. calculated increment of int ernal— dr ag coefficient 

ACd g increment of drag coefficient due tc external drag 
(ACd - ACDi) 

C m p it ching— moment coefficient 

? G thrust coefficient (2?/pV 0 2 D 2 ) 

AD increment of drag due to duct 

p/q Q surface stat ic— pressure coefficient 

Ap hi r , pr © s sur e— dr op coefficient 

p static pressure (referenced to atmospheric pressure) 

q dynamic pressure 

Ap pressure drop across orifice plate 

H total pressure (referenced to atmospheric pressi^re) 

AH loss in total pressure 

Q quantity rate of flow 

Q,/V 0 air— flov/ parameter 

V 1 /Y 0 inlet— veloci ty ratio 

u local velocity 

I propeller thrust 
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V/nD advance— diamet er ratio 
ri duct efficiency 

a angle of attack of thrust axis relative to free- 

stream direction 

(3 propeller "blade setting at 0.75 radius 

D propeller diameter 

A duct area 

S wing area 

Subscripts denote average conditions: 

0 in free stream 

1 in duct inlet 

2 at front face of orifice plate 

3 in cutlet of main duct 

4 In outlet of boundary— layer bypass duct 

5 below trailing edge of outlet guide vane 

APPARATUS A1TI) TSSTS 



A description of the NAOA full— scale tunnel and the 
equipment used for the tests is given in reference 3. The 
model is shown mounted in the test section in figures 1 
and 2, and a three— view drawrng is given in figure 3. The 
model was equipped with a Cur t is s~ Wr ight controllable- 
pitch propeller that was driven by an electric motor. The 
propeller had 614Ccl.5— 24 blades, which were fitted with 
the metal cuffs shown in figure 4, 

The general arrangement and the principal dimensions 
of the basic duct installation and the modifications are 
shown in figures 5 and 6. The duct varied in cross sec- 
tion from a segment of a circle at the inlet to a circle 
at the orifice plate and to a crescent at the outlet. The ft 
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variati-011 of the diffuse? er-os s— s ect ional area with dis- 
tance from the inlet, is shown in f igiire 7, ; The three 
'v'aii^ -arrangements tested were: 

(1) A horizontal and a vertical vane in the ini.s-.fc_. 
that divided the duct at th-e orifice plate into quadrants 

(2) A horizontal outlet vane that extended from the 
rear face of the orifice plate almost to the outlet. 

• A combination of the inlet^ and ou,tle.t v.an;^s>, ' 



ex— 



For sonje of the tests mm vanes, the duct inlet -7*s 
tended forward 5 inches and reduced in area from 1 1G 
square feet to 0.91 souare foot. Figures 8 and 9 I-e 
pnotograchs of the ducts installed on the model and'dis- 
asserabled. Sections through the duct inlrt lips on the 
-center line of the duct and through the due W u S r la k$ ? 
fillet at the inlets arc given in fi^uro 10 # 

For the tests in which the "bypass was installed, 
the upper surface of the duct was "lowered l| inches at 
the inlet and the contour of the outlet section was 
modif ied. The sections of the bypass duct were rectangu- 
lar at the inlet and approximately crescent shape above 
the orifice plate; the area of the inlet section was- ap- 
proximately one— third the area above the orifice plate. 

An aluminum orifice plate with holes 3'/4-inch in 
diameter (fig. 9(a))- was used to represent the heat ex- 
changers'. In order to simulate different types of heat 
exchanger, the pressure drop across the resistance plate 
was varied by plugging some of the holes in accordance 
with the technique of reference 4. 

Measurements of total pressure and velocity distri-' 
but ion were made 1 foot ahead of the duct inlet and at 
several stations within the duct and within the boundary- 
layer bypass to determine the thickness of the boundary 
layer, the duct losses, and the air-flow quantities. 
Static-pressure measurements on the duct inlet lip and on 
the duct-fuselage fillet were made to estimate the criti- 
cal speed. 

Tests with propeller operating to simulate high-speed 
and climbing flight were made to determine the effects" of 
slipstream. The propeller blade angle at the 0.75 radius 
0, the advance-diameter ratio V/nD and the thrust coef- 
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ficieat 5 C » which were estimated for an airplane 
equipped with a 1600— horsepower engine, were calculated 
to "be 50°, 2.96, and 0.02, respectively, at the high- 
speed lift coefficient of 0.1. In the clinking condi- 
tion at a lift coefficient of 0.5, the calculated values 
of 3, Y/nD, and T c were 40°, 1.22, and 0.11, respec- 
tively. The test airspeeds were 63 miles per hour for 
the high-speed condition and 45 miles per hour for tho 
climbing c«ndit ion. 

The effect of the various duct installations on the 
drag, tho maximum lift, and the pit ehin& memamt of the 
model was ascertained "by force tests. The drag of each 
duct installation wis determined as the difference he—, 
tween the drag of the model without ducts (fig. l) and 
the drag of the model with the various duct arrangements 
installed. The drag tests were made for values of the 
lift coefficient from -0.2 to 0.5 at a tunnel airspeed 
of 100 miles per hour. The effects of the ducts- on the 
maximum lift and the pitching moments were determined 
from tests at a tunnel airspeed of S3 miles per hour. 



RESULTS A1TD DISCUSSION 



The results of the tests are discussed in si:; sections. 
Tho first two sections treat the factors that affect the 
pressures ahead of and behind the heat exchanger. Included 
in these sections are discussions of the air— flow charac- 
teristics, the duct configurations, and the h oat— exchanger 
characteristics. The pressures available for cooling, the 
drag of tho ducting system, and the duct efficiency, which 
are tho parameters for c:cp res sing duct performance, are 
discussed in the third and fourth sections. The effects 
of the various duct installations on maximum lift, pitch- 
ing moments, and critical speeds are discussed in the 
final sections. 



factors Affecting Pressures ahead of Heat Exchanger 

Yalucs of the total pressure at the face of the heat 
exchanger that are less than the total pressure of the 
air stream ahead of the duct may "be attributed to losses 
which occur ahead of the duct inlet and in the duct dif— 
fuser. -Tor the type of fuselage duct tested in this in- 
vestigation, the "boundary layer on tjie fuselage ahead of the 
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duct has teen shown to he the most important factor de- 
termining the losses that occur ahead of the inlet and 
in the diffuser (reference l). I he "boundary layer tends 
to separate from the fuselage surface ahead of the duct 
inlet; this tendency is greatly increased "by the adverse 
* pressure gradient that results from deceleration of the 

flow as it approaches the duct inlet. The lover the in- 
let velocity, the greater is the adverse pressure gradi- 
ent and trie stronger is the tendency toward separation* 
As a corollary, the thicker and more depleted the "boundary 
layer, the greater is the tendency toward separation under 
slight adverse pressure gradients. The primary problem 
in obtaining high prcs sure recoveries at the face of the 
heat exchanger therefore "becomes the control of the flow 
to avoid "boundary— layer separation or the provision of a 
Way to prevent the "boundary layer from disturbing the 
flow in the entire duct. Separation may usually he 
avoided by correct choice of the duct inlet velocity, al- 
though guide vanes or a "boundary— layer "bypass may he 
necessary for thick "boundary layers (reference 5), 

Air flow into duct .— As previously discussed, the 
air flov; into a rear underslung fuselage duct is serious- 
ly affected by the fuselage boundary layer ahead of the 
duct. Ileasur ement s of total and static pressures (fig. 
11 ) showed that, for the propeller— removed condition at 
a ~ 0*2°, the thickness of the "boundary layer was 1% 
inches at the center line of the fuselage 1 foot ahead 
of the inlet of the rear underslung fuselage duct and 
decreased approximately l/4 inch for each increase of 5 
in angle of attack. 

The separation of the flow at the duct inlet that 
results from the boundary layer is shown by the velocity 
profiles of figure 12 for several values cf ^/Vq. At 

the low inlet— velo city ratios, the separation is accom- 
panied by flow reversals that are indicated by the nega- 
tive values of velocity adjacent to the fuselage. She 
existence of flov: reversals was verified by tuft observa- 
tions. Che extent of the area of flow separation was 
reduced as the value of the inlet— velocity ratio was in- 
creased and, at ^ 1 0 = 0.51, the flow entered the duct 
inlet smoothly. 

Increasing the angle of attack of the fuselage re- 
sults in a similar improvement of the flov/ into the inlet. 
A narrower region of . separat ion at angles of attack of 
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4.8° and 10.4° (fig. 13) results from the decrease in 
the "boundary— layer thickness (fig. 11 ) and from the 
smaller adverse pressure gradient immediately ahead of 
the duct inlet . 

The dependence of the flow separation at the duct 
inlet on the resistance of the heat exchanger was in- 
vestigated by varying the pressure drop across the re- 
sistance plate Ap/q from 4.0 to 46.5. The tests 

were made with low -inlet— velocity ratios, and flow sepa- 
ration and reversals occurred in all cases (fig. 14). 

The elimination of separation ahead of the duct in- 
let not only reduces the losses "before the cooling air 
enters the duct inlet out also enables the duct diffuser 
to operate at a higher efficiency. The improvement in 
the flow condition at the inlet which occurred when a 
was increased from 0.2° to 10.4° (fig* 13), increased th 
average total pressure at the face of the orifice plate 
from 0.69q 0 to 0.84q 0 (fig. 15(a))* The average total 

pressure of 0.69q o at the orifice plate for the low angl< 

of attack (a = 0.2°) is considerably lower than would he 
calculated from the losses that occurred ahead of the 
inlet — an indication that further flow "breakdown and 
energy dissipation occurred in the diffuser. 

The effects of varying the inlet— velocity ratio on 
the total pressure at the face of the orifice plate are 
shown in figure 16 for tests with vanes installed in the 
diffuser and with the propeller removed. At low angle 
of attach j that is, at high— speed attitude, the pressure 
at the plate increases with the value of 7n/V 0 and a 

maximum is indicated above the highest test condition, 
V x /V = 0.61. At the high angles of attack, a » 4.8° 

and 10.4°, the maximum pressure recovery is realized at 
lower values of f^nf^o an ^- ^^- e losses in total pressure 
which occur particularly at low values of ^3. Mo , are 

much smaller than for angles of attack less than 4.8 . 
Beyond an inlet— velo ci'ty ratio of 0.60, the total pres- 
sures at the plate below the horizontal vane began to 
decrease owing to increased skin— frict ion losses. 

The data obtained with different pressure drops 
across the orifice plate (figs. 16 and 17) show that the 
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pressure recovery is highest for the plates with the 
greatest resistance; the rate of increase of pressure 
recovery with increasing T 1 /V (>l however , is about the 
same in all cases. 

oo 
m 

1 G-u i d e vanes ,- In order to decrease the losses in the 

diffuser that result from the flow breakdown which oc- 
curred with partly separated inlet flows, several guide- 
vane installations were investigated. The installation 
of vanes on the horizontal and the vertical center lines 
of the duct diffuser (fig* 5) increased the average total 
pressure at the face of the orifice plate 0.09c[ o at 

a = 0.2° and C.04q Q at a » 10. .4° (fig. 15(b)),.. With 

this arrangement, the separated flow was confined to the 
half of the diffuser above the horizontal vane and the 
total pressure below the vane averaged about 0.95q Q for 

all angles of attack. Above the vane, however, the total 
pressure at the plate varied with angle of attack from 
about C # Slc 0 at a = 0,2° to 0.81q at a = 10. 4°, 

The same effect is shown by the results of other tests in 
figure IS. 

Because the static pressures behind the upper and 
the lower halves of the orifice plate are about the same, 
the high total pressure in the lower half of the plate 
caused a large fraction of the air to flow through this 
area, This phenomenon had been observed previously in 
tests of ducts with inlet vanes and a method of over- 
coming this difficulty was developed (reference 5). 

Vanes were added in the duct outlet to restrict the 
flow of air through the lower half of the duct and to 
divert it through the upper half adjacent to the fuselage. 
The part of the flow that passed through the upper half 
of the duct for various outlet— vane arrangements is shown 
in figure 19. The flow may be ev.enly divided in the dif- 
fuser by correct outlet-vane location, as in test 3. 

The attainment of larger flows through the upper 
than through the lower half of the diffuser results in 
increased total pressures at the face of the heat ex- 
changer (fig. 20). Fox duct installations with inlet 
and outlet vanes, the total pressure at low angles of at- 
tack was about 13 percent higher than for the duct with- 
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out vanes and about 8 percent higher than for the duct 
with only inlet vanes. With only an outlet vane, the 
flow in the upper and in the lower halves of the duct 
could "be regulated (test 7, fig. 19); however, the total 
pressure at the face of the radiator was only 0.03q 
higher than for the duct without vanes, 

T .vhen the inlet— velocity ratio is low — for example, 
when 7 X /T 0 ranges from 0.35 to 0.40 and when extensive 

flow separation occurs at the duct inlet — full correc- 
tion of the duct flow by means of the outlet vane may 
require considerable detail investigation. An example of 
the effect of incorrect outlet— vane setting on the divi- 
sion of the flow in a duct of this typo is shown in tost 
5 (fig. 19). Reducing the inlet area and increasing the 
inlet-velocity ratio from 0.41 to 0.60 (tost 6, fig. 19) 
provided a much more uniform flow. A method of calcula- 
ting outlet— vane locations is outlined in reference 5. 

Boundary— lav sr "by pass As an alternate method of 
eliminating the pressure losses due to boundary— lay er 
separation, a separate duct was provided for "bypassing 
the fuselage "boundary layer around the heat exchanger 
(fig. 6). With this arrangement, the air entered the 
cooling duct inlet at free— stream total pressure and the 
flow reversals usually observed at low inlet velocities 
did not occur. Because the difficulties with the flow 
through the inlet were eliminated and no initial "boundary 
layer existed on the upper surface of the duct, the duct 
d iff us er performed efficiently and total pressures as 
high as 0.97c[ o were measured at the face of the orifice 

plate (figs. 21 and 22). The total-pressure recoveries 
were dependent "both on the location of the nose of the 
dividing vane and on the division of flow between the 
bypass and the main duct (table I). 

She highest pressures were obtained with the nose 
of the dividing vane slightly behind the duct inlet 
(tests 10 to 13, figs. 21 and 22 and table I), although 
good results were also obtained with the nose of the vane 
in the plane of the inlet (tests 8 and 9, fig. 21 and 
table I). When the vane was extended 4 inches ahead of 
the duct entrance, the average total pressures at the . 
plate decreased about 0.06q 0 (tests 3 and 5, fig. 21 and 
table I) although the same flow through the boundary- 
layer bypass was maintained. 
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A value of Q/7 0 = 0.08 in the secondary passage 
was sufficient to remove the boundary layer completely 
at "i/^ 0 = 0.3 for the entire duct entrance (test 10, 
fig* 21(d) and table I). It appears likely that a 
smaller bypass flow may have sufficed inasmuch as H 2 /q 0 
= 0.93 was measured in test 8 (table I) with Q/V 0 = 0.03 
for the bypass. 

Pro-pell or o-oer at ion .— The effects of the propeller 

slipstream or. the fuselage boundary— layer profiles and on 
the inlet velocity distributions are shown in figures 
11(b), 23, and 24. At T 0 » 0.2, propeller operation 

had a negligible effect both on the boundary— lay er charac- 
teristics (fig. 11(b)) and on the inlet velocity distri- 
bution (fig. 23). Operation of the propeller in the 
climbing condition at T c - 0.11, however, increased the 
thickness of the boundary layer about 3/8 inch (fig. 11(b)). 

As a result of the increased total pressure in the 
slipstream, the average total pressures at the face of 
the orifice plate increased both in the high— speed and in 
the climbing conditions, as shown in figure 25 for the 
arrangement with vanes in the diffuser. In the climbing 
condition and with flaps installed on the duct outlet, 
the increases in total pressure due to propeller opera- 
tion were about 0.30q o and average total pressures at 

the orifice plate of about 1.15q Q were measured at inlet- 
velocity ratios ranging from 0.60 to 0.00. Below these 
values of T /V 0 , the pressures at the plate were lower 

because of inlet losses. Average total pressures as 
high as l,30q o were measured "at the section of the plate 

below the horizontal guide vane (figs. 26(c) and 26(d)). 
Average total pressures of this magnitude may be obtained 
over the entire radiator by the installation of a boundary- 
layer bypass. 

In simulated climb, the propeller slipstream reduced 
the symmetry of the pressure patterns at the face of the 
orifice plate above the horizontal vane (figs. 26(c) and 
26(d)). Slightly lower pressures were measured on the 
right— hand than on the left-hand side of the plate owing 
to asymmetrical slipstream effects. 
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Factors Affecting Pressures "behind Eeat Exchanger 

The total pressure at the duct outlet is dependent 
upon the total-pressure losses that occur ahead of tho 
duct inlet, the losses that occur within the diffuser, 
and the pressure drop that results from the air flow 
through the heat exchanger. The outlet static pressure 
Is a function of the external static pressure near the 
outlet and of the shape of the outlet section of the 
duct. The external static pressure in the region of the 
outlet opening is determined hy outlet— flap deflection, 
angle of attack of the model, and propeller— oper at ing 
conditions. 

The shape of the outlet section of the duct affects 
the outlet static pressure through its influence on the 
contraction of the exhausting air stream and through its 
effect on the angle at which the air is discharged into 
the main stream. If the outlet section is too short and 
the angle of convergence too high, the .jet of air leavin, 
the duct continues to contract in cross section and to 
increase In velocity fcr some distance downstream and th 
static pressure does not reach a value equal to that of 
the free stream until some distance "behind the outlet 
opening. If the flow is discharged at an angle to the 
external stream, an effective thickening of the "body oc- 
curs "behind the outlet opening. The magnitude of this 
thickening is dependent upon the angl e— of— f 1 o w discharge 
with reference to the external stream and upon the total 
pressure at the outlet. As a result of this effective 
thickening of the "body, the velocity of the external 
stream over this part of the "body increases and the ex- 
ternal static pressure correspondingly decreases. 

Ou 1 1 e t g o nf i.gur a t i o n . — The outlet openings tested 
(fig. 5) were representative of present design practice. 
The larger exits B and C were formed from exit A by pro- 
gressively cutting hack the lower surface of the duct at 
the outlet. Because no modifications were made in the 
contours of the upper surface of the outlet section, thi 
cutting back of the lower surface caused the flow to dis 
charge from outlet C at a greater angle relative to the 
external stream than from outlets A or B. 

The results of the tests show that an approximately 
linear relationship exists between the total and the 
static pressure at the cutlet (figs. 37 to 29), When no 
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outlet flaps were installed, the static pressures at the 
outlet opening were always positive and increased linear- 
ly with the outlet total pressures. The rate of change 
of outlet static pressure with outlet total pressure was 
greatest for the largest exit C. 
i 

^ A comparison of the curves of figures 27 to 29 

shows that" the vanes and the "boundary-layer bypass also 
affect the outlet static pressures because of their in- 
fluence on the characteristics of the flow in the outlet 
section of the duct. STo rule for the prediction of any 
of these effects could he established, however, because 
of the many variables involved. 

An example of the effect of the flow through the 
boundary-layer bypass on the velocity distribution at 
the duct outlet is shown in figure 30. At the top of the 
4uet exit, there is a region of low velocity that re- 
sulted from the bypass flow which is depleted in total 
pressure. As the flow through the bypass is decreased 
(fig. 30) or as the angle of attack of the model is in- 
creased (fig. 31), this area of low velocity becomes 
smaller and"" finally disappears, Figure 33, which shews 
typical velocity distributions observed in most cases, 
is included for' comparison . The air quantities computed 
from the outlet velocity distributions are given in fig— 
lir.es 33 and 34 and in table I. 

With the installation of outlet flaps set at 45°, 
the static pressures at the outlet openings were de- 
creased to about -0.20q 0 for outlet 3 and to -0.30q_ o I or 

outlet C and the dependency of the static pressure upon 
the outlet total pressure was practically eliminated 
(fig. 27). In figure 33, it is shown that the installa- 
tion of a flap on outlet B increased the flow through 

the duct by 0.20 at Ap/a = 1C9, *y 0.16^ at 

V o 8 o 

A-p/q fa 19.6, but by only 0.C8&- at Ap/q - 46.5. A 

8 ample of the velocity distribution at the duct outlet 
with flaps installed is given In figure 35. 

Propeller op. ex action Operation cf the propeller in 
the hi^h-speed condition had little effect on the average 
outlet static pressure (fig. 27) and on the air-flew quan- 
tity (fig. 33). In the climbing condition, with flaps 
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installed on outlet 3, propeller operation decreased the 
average outlet static pressure "by 0.lOq Q (fig. 27) and 

increased the flow through the duct by Q/V 0 = 0.09 
( approxt ) at pressure-drop coefficients of 10.9 and 19 ♦ 6 • 
Typical velocity distributions obtained at outlet B with 
the propeller operating are shown for the high-speed con- 
dition in figure 36 and for the climbing condition in 
figure 37, 

Pressures Available for Cooling 

The pressure available for cooling is defined as the 
difference between the total pressure at the face of the 
heat exchanger H s and the static pressure at the duct 
outlet p a and may be expressed nondinens ionally as 
q 

2 3 The effect of changes in duct configuration and 

*o 

air-flow characteristics on these quantities have been 
discussed in previous sections and the resulting cooling 
pressures :>re presented in figures 38 and 39, and in 
table I, 

Increases in pressure available for cooling were ob- 
tained by increasing the pressure drop across the orifice 
plate either by varying the resistance of the plate or by 
varying the air flow through the duct (fig. 38). At a 
pressure-drop coefficient 10.9, average cooling pressures 
of 1.01q 0 at an angle of attack of 0.3° and l.llq 0 at an 

angle of attack of 10,4° were measured for the duct with 
vanes in the diffuser and with flaps installed on outlet B« 
Che pressures available for cooling increased in all in- 
stances with the angle of attack of the model. 

In figure 39 is shown the increase in average pres- 
sure available for cooling, which resulted from the higher 
total pressure obtained at the face of the orifice plate 
by the" installation of guide vanes in the diffuser. The 
addition of an outlet vane to the duct with outlet 3 had 
no effect (fig, 39) because the snail increase in total 
pressure ahead of the plate (fig- 20 ) was compensated for 
by a corresponding increase in the outlet static pressure. 
With the outlet area reduced from 0.91 to 0.50 square 
foot (outlet B to oulet A), however, the addition of an 
outlet vane increased the cooling pressures by about 
C.05q 0 (figs. 38 and 39). 
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The highest pressures available for cooling were ob- 
tained for the duct with the "boundary-layer "bypass. At 
inlet— velocity ratios of about 0.33, cooling pressures as 
high as 0.-68q were measured for sone of the best bypass 

arrangements (table I) as compared with the highest value 
of G.59q obtained for the high-speed condition by the 

use of guide vanes (fig. 39). At an inlet-velocity ratio 
of about 0.50, the pressures available for cooling de- 
creased slightly and were approximately equal to those 
measured for the arrangement, with guide vanes. When the 
total pressure at the face of the orifice plate decreased, 
the cooling pressure also decreased and, for the case in 
which there was no flow through the bypass and the total 
pressure at the orifice plate was 0.71q (test 2, table l), 

the measured cooling pressure was only 0.48q Q . 

Operating the propeller increased the pressures avail- 
able for cooling about 0.02q Q to 0.05q Q in the high— speed 

condition, and about 0.40q in the climbing condition with 

outlet flaps installed (fig. 38). Tor the arrangement 
with Vanes in the diffuser, maximum pressures available 
for cooling that ranged from 1.42q 0 to 1.51q Q wore meas- 
ured in the climbing condition and were indicative of very 
good outlet— flap effectiveness . 



Drag and Duct Efficiency 

gotal,_dra£ due to duct in st al la tion .— A summary of 
the total drag of the various installations investigated 
is presented in figure 40 and in tables I and II. The 
increment of drag due to the duct system AC3 is the 

difference between the drag of the model without the duct 
and the drag of the model with the various duct arrange- 
ments installed. The drag due to the internal and the 
external flow are included in this increment . 

At Ap/q^ m 10.9, at Q/V 0 = 0.51, and at C L = 0.1, 

the increment of total duct drag without vanes or boundary- 
layer bypass was 0.0020. This value was not materially 
changed by the installation of inlet vanes (table II). 
With both the inlet and the outlet vanes, the drag incre- 
ment was 0.0016 at Q/V 0 = 0.54 and 0.0012 at Q/7 0 = 0.37. 
These values were the lowest total-drag coefficients meas- 
ured for any of the duct installations. With vanes in 
the diffuser, increasing the air-flow quantity or the pres- 
sure—drop coefficient increased the increment of total 
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Those values were the lowest total— drag coefficients meas- 
ured for any of the duct installations. With vanes in the 
diffuser, increasing the air— flow quantity or the pressure- 
drop coefficient increased the increment of total drag 
(fig* 40). For the range of values of Ap/q and Cfc/Yo 

tested, the increment of total-drag coefficient varied 
from 0.0018 at Ap/q 2 = 10.9 and Q/V 0 = 0.30 to 

0*0024 at Ap/q r *= 19.6 and Q,/V 0 =-- 0.49. The drag of 

the installation with the "boundary-layer "bypass generally 
exceeded that of the optimum vane arrangement "by from 17 
to So percent at Q/V 0 * 0.35 (approx.) and "by from 25 to 
56 percent at Q/Y 0 ■ 0.55 (tables I and II). 

Duct int ornal— drag coeff i ci ent . — In addition to the 

total drag, figure 40 and tables I and II show the incre- 
ment of int ernal— drag coefficient calculated from the 
erpr es s ion 



which was derived from the momentum loss of an i# compres- 
sible fluid flowing through the system. At Ap/q, » 10.9, 



coefficient was 0.0009 for the duet without vanes or "by- 
pass (table II). The addition of vanes in the diffuser 
alone increased the int ernal— drag coefficient to 0.0011, 
hut the addition of inlet and outlet vanes together or 
the addition of an outlet vane alone decreased the coef- 
ficient to about 0.0008, although the flow was also de- 
creased by the addition of the outlet vane alone. When 
the flow for the fully vanod installation was decreased 
to 0,/Yq ~ 0.37 , the increment of int ernal— drag coeffi- 
cient was reduced to 0.000.2. An increase in the air- 
flow quantity or in the pressure-drop coefficient rapidly 
increased the int ernal— drag coefficient (fig. 40). 

. Du c t e xt er n al— dr ag coefficient .— - 3Jh e du c t external- 
drag coefficient, which Is equal to the difference be- 
tween the total— and the int ernal— drag coeff ic ient s , was 
0.0011 for the installation without vanes and varied "be- 
tween 0.0008 and 0.0010 for the duct with the various 
vane arrangements at Ap/q 2 « 10.9 and at Q/7 0 p 0.50 
(approx.) (table II ). With vanes in the diffuser, the 
external— drag coefficient varied from 0.0019 with the 




at Q,/V 0 = 0.51, and at = 0.1, 



the int ernal— drag 
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inlet and the outlet sealed to C.0005 at Ap/q,. - 19. S 
and 10.9 and Q, / Y 0 = 0.49 and 0.59, respectively,' 
(fig, 40). The high external drag measured with small 

co air quantities is attributed to flow separation at the 

duct— fuselage fillet. 'The addition of a "bypass to the 

k! installation without vanes resulted in external-drag 

coefficients that were 0.0004 to 0.0010 higher than^ 
those obtained for the vaned installations at the same 
values of Ap/q^ and Q,/V 0 (tables I and II). Tufts 

Indicated that the flow at the duct fuselage fillet with 
the "bypass installed generally was not smooth. 

puct efficiency .— The duct efficiency is defined as 

the ratio of useful power expended in forcing air through 
the orifice plate to the total power required to over- 
come the drag due to the duct; that is, 

AD7 0 

In accordance with this definition, only the air flowing 
through the resistance plate was considered to do any 
useful work for the tests with the "boundary— layer "bypass 
installed. 

i'or Ap/q * 10 » 9 07 7 o * 0.51, the duct ef- 

ficiency of the installation without vanes or "byp.ass v is 
0.42 (table II). Owing to the poor flow distribution be- 
tween the upper and lower sections of the duct, the use 
of inlet vanes alone decreased the duct efficiency to 
0.3S. The use of both inlet and outlet vanes, however, 
increased the efficiency to about 0.S5 with both the 
original and the modified inlets. These efficiencies 
were the highest measured for a&y of the duct arrange- 
ments. The relatively low duct efficiency of 0.23 ob- 
tained for the fully vaned duct at "i/" r 0 ~ 0*34 was 
the -result of high external drag (table II), which usual- 
ly occurs with low air flows (fig, 40). 

For the duct with the vanes in the cliff user, the 
duct efficiency increased rapidly as either the air— flow 
quantity or the pr es sur e— dr op coefficient was increased; 
the lowest duct efficiency was about 0.10 for &p/q_ 

to 10.9 and Q,/7 C a 6.30 and the highest were 0.56 and 
0.57 at Ap/q 2 = 19.6 and 10.9 and Q./7 0 = 0.4S and 
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0.59 f ' respectively , (fig. 41). The efficiency of the duct 
with the "boundary— layer "bypass ranged from 0.06 to 0.09 
at Q/V 0 = 0.35 (approx.) and from 0.09 to 0.13 at Oj\r 0 

~ 0,55 (table I). It is believed that higher efficien- 
cies can be attained while high pressure recoveries are 
still maintained by simultaneously decreasing the inlet 
area of the boundary— layer bypass and the air— flow quan- 
tity instead of by restricting the flow through the bypass 
alone. 

Maximum Lift and Pitching Moments 

She installation of the duct system had no effect on 
the maxil&USI lift but increased the negative slope of the 
pit ching— moment curve* An analysis of the results of 
figure 42 indicates that the increments of p it ching— moment 
coefficient due to the duct are greater than can be esti- 
mated from the drag of the duct alone. 

Critical Speed 

3y the method of reference 6, the critical speeds of 
the duct inlet wore estimated from pr eseur e— distr ibut ion 
measurements on the surface of the inlcit lip and the duct— 
fuselage fillet at a tunnel airspeed of 63 miles per hour. 
The maximum negative pressures were extrapolated to higher 
Hach numbers as in figure 43, and the critical speeds were 
found from the intersection of the extrapolated pressure, 
curves with the curve of Mach number for the local speed 
of sound. 

At the high-speed angle of attack of 0.3°, the high- 
est critical Hach numbers calculated for the duct inlet 
lip and for the duct-fuselage fillet were 0.55 and 0.49, 
respectively; these values correspond to sea-level criti- 
cal ^vqcClS of 420 and 374 miles per hour. These critical 
speeds were undesirably low and indicated that modifica- 
tions in the shape of the inlet lip and the fillet were 
desirable. As shown in reference 1, these modifications 
should include increases in the camber and the thickness 
of the inlet lip and the duct—fuselage fillet to provide 
a more \miform pressure distribution. 

The critical speeds of the duct inlet decreased with 
the inlet-velocity ratio. The reductions in critical 
speed are indicated in figures 44 and 45 by the increased 



19 



maximum negative pressures at the low values of 7 1 /7 0 . 

Por the duct— fuselage fillet, the peak negative pressure 
increased from -1.78cl 0 to -2.34q- Q for a variation in the 
qd inlet-velocity ratio from 0.53 to 0.37; this result corre- 

ct- spon&s to a decrease in critical Kaoh number from 0.49 to 

* C44. 

She pressure distributions varied with changes in 
angle of attack of the model (figs. 46 to 46); reductions 
in peak negative pressures of 0.55q Q to 0.60q 0 on the 

inlet lip and of 0.35q 0 to 0.80q on the duct-fuselage 

fillet were measured when the angle of attack was increased 
from C.2° to 10.4°. Ihese reductions in peak negative 
pressures with increases in angle of attack are attributed 
principally to the fact that the duct inlet is located 
on tne lower surface of the wing. As the angl e ' of " at t ack 
of the airplane is increased, the static pressure beneath 
the wing is increased and, for the same mass flow of air 
through the duct inlet, the air enters the duct at a 
higher velocity relative to the flow in the region of the 
duct inlet. The angles of attack of the inlet lip and of 
the duct— fuselage fillet, which are determined by the 
inlet-velocity ratio (reference l), -ire decreased and the 
induced velocities over the surfaces are reduced. At an 
inlet— velocity ratio of 0.40, an increase in the angle 
of attack from 0.2° to 10.4° increased the sea-level 
critical speed of the duct-fuselage fillet from 350 to 
374 miles per hour and the critical speed of the inlet 
lip from 412 to 496 miles per hour. 

Operation of the propeller in the high— speed condi- 
tion had little effect on the inlet-lip pressures but 
increased the negative pressures at the fillet about 0.40c^ 

at an inlet velocity ratio of 0.2G and 0.30q^ at an inlet- 

c 

velocity ratio of 0.44 (fig. 49). As in the propeller- 
removed tests, separation was present at the duct-fuselage 
fillet at low inlet— velocity ratios (fig. 50). 



SUMMARY OP EESULTS 



The results of the general investigation of rear 
under slung fuselage ducts reported herein are summarized 
as follows: 
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1. The ratio of the duct inlet velocity to the stream 
velocity was the most important parameter affecting the 
performance of rear under slung fuselage ducts. An inlet- 
velocity ratio of about 0#6 was found to he a good design 
value for such an installation with or without vanes and 

a value of 0.35 was permissible for the duct with the 
boundary— lay er bypass. 

2. Because of the thickness of the boundary layer at 
the inlet of rear under slung fuselage ducts, serious 
losses in total pressure ahead of the heat exchanger oc- 
curred when no vanes nor boundary— layer bypass was used. 

3. Lowest drags and highest duct efficiencies in 
combination with good pressure recoveries ahead of the 
heat exchanger were measured for the rear underslung fuse— 
lage duct with both inlet and outlet vanes. The use of 
either inlet or outlet vaner alone did not greatly improve 
the over— all duct performance. 

4. Best total pressure recoveries, but generally 
higher drag and lower duct efficiencies, were measured 
for the duct arrangement with the boundary— layer bypass. 

5. Propeller operation increased the total pressures 
at the face of the heat exchanger* In the high— speed 
condition (at a thrust coefficient 3? p of 0.02), the in- 
creases in total pressure ahead of the heat exchanger 
were snail; whereas, in the cl imblng condition (at 3J 0 

= G.ll), average increases of about 0.30q o (where q 0 is 

the free— stream dynamic pressure) were measured, 

5. The static pressures at the duct outlet wore 
positive for the installations without outlet flaps. 7ho 
addition of outlet flaps reduced the static pressures to 
as low as — 0.30q 0 with the propeller removed and to as 

low as — 0.40q^ with the propeller operating in the climb- 
ing condition. 

7. She positive values of the outlet static pres- 
sures were reduced by discharging the cooling air paral- 
lel to the external stream and by decreasing the angle 
of convergence of the outlet section of the duct. 

8. Owing to the insufficient amount of camber and 
thickness at the due t~ fuselage fillet and at the inlet 
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lip, the critical speed of the duct installation was undesirably 
low. (The value of the critical speed increased with increases in 
the inlet -velocity ratio and in the angle of attack of the model. 
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TABLE I 
SUMMARY OF DATA FOR DUCT 
INSTALLATION WITH BOUNDARY- LAYER BYPASS 
[Nominal pressure-drop coefficient a 10.jfl 
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TABLE I (Continued) 




Eh 



Configuration 



ApI.IO sq ft 





Outlet B 




TABLE II 

SUMMARY OF DRAG- DATA 
FOR VARIOUS GUIDE -VANE ARRANGEMENTS 
CNominal pre s sure -drop coefficient = 1Q«9 J 



Air- flow I ? le ?: 
parameter, velocity 
ratio, 





A=0.51 sq ft 




Outlet A 



A=0.91 sq tX 



^£3 





0.51 



.*7 



■53 



.5* 



37 



.5^ 



0A6 



*9 



.3* 



.60 



.*5 



Increment of drag coefficient, 
C L = 0.1 



0.0020 



.0021 



.0016 



.0012 



,0016 



0.0009 



.0011 



,0007 



.0008 



.0002 



.0007 



.0008 



0.0011 



.0010 



,0008 



.0010 



.0009 



Duct 
efficiency, 



0.1*2 



.33 



.65 



28 



.66 



CO 



o 
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Figure 1.- Model in basic condition as mounted in the NACA full-scale tunnel. 
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- Side view of model as mounted in the NAC A full-scale tunnel 




Figure 3.- General arrangement of model. 
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Figured. - Dimensions of propeller cuff. 
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BOUNDARY-LAYER BYPA55. ALL DIMENSIONS 
IN INCHES. 
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Figure 7.- Variation of diffuser cross- sectional 
area wit a distance from inlet. 
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(a) As installed 



on model. 




(b) Outlet C. 
Figure 8.- General and detail views 



(c) Original inlet, 
of rear underslung fuselage duct . 



a) Internal duct system and orifice plate 



(b) Inlet seal. 




(c) Outlet A. (d) Flap on outlet c. 

Figure 9.- Typical details of duct installation. 
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Figure 10.- Sections through inlet lips 

on center line of duct and 
through duct-fuselage fillet. 
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Figure 11.- Total-and static-pressure profiles 1 foot 

ahead of duct inlet. £p/q 2 , IS. 6; outlet 
C; inlet ,^uide vanes in. g 
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Figure /2 -Effect of V t/ % on in/et ve/oc/ty cListnbut/on. Power off- 
ex, O.Z ; &p/q z> /0.9- } /nlet guide, vanes />?. ' 
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F7qure> 13 - Effect of anq/e of attack on /n Jet velocity d/str/bution. fbwer off 
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Figure 16.- Var/at/on of. average total pressure at face of 
orif/ce plate w/th V//V 0 . Power off; in/et guide vanes /r?. 
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r/gure ^8.- Wariat/on of out/et stat/c pressure, with outlet tote?/ pressure for various 
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